tial crop loss is attributable to contamination with a mycotoxin, patulin: 4-hydroxy-4H-furo[3,2-c]pyran-2(6H)-one. In the 1940s, patulin was isolated as an antibiotic from a culture of Penicillium patulum (also called P. griseofulvum), 1) and since then several species of Penicillium and Aspergillus, including P. patulum, P. melinii, P. claviforme, A. clavatus, A. giganteus, and A. terreus, have been reported to produce patulin. The most common species associated with patulin contamination in apples is P. expansum.
2) Patulin has also been reported to show immunotoxic and neurotoxic effects in animal experiments. 3, 4) On the other hand, the International Agency for Research on Cancer (IARC) uncovered no evidence that patulin is carcinogenic for humans. 5) In 1995, the joint FAO/WHO Expert Committee on Food Additives (JECFA) evaluated the provisional maximal tolerable daily intake of patulin to be 0.4 mg/ kg of body weight/d. 6) In 2003, the Codex Alimentarius Commission (CAC) set the maximum residue level of patulin at 50 mg/kg for apple juice. 7) Since then, the US, the European Union, Japan and other many countries have introduced 50 mg/kg as the maximum patulin residue limit for apple juice and apple-related foods. The contents of patulin in apple juice and apple-related foods have been researched in many countries, and some studies have found examples of patulin contamination at concentrations exceeding the level permitted by the CAC. [8] [9] [10] Because patulin contamination of foods causes great economic loss, food industries are eager to develop a technique to prevent patulin contamination of apple juice, and many investigations to prevent or control the growth of P. expansum and patulin contamination have been done. Since patulin production in apples usually occurs after harvesting, appropriate quality control of post-harvest apples, such as adequate handling and storage conditions, is very important to prevent patulin contamination. [11] [12] [13] [14] [15] The CAC has been preparing guidelines to reduce patulin in apples. Chemi-cal agents such as potassium sorbate and sodium propionate inhibit P. expansum growth and patulin production, 11, 16) and UV irradiation reduces patulin amounts in apple cider. 17) Patulin contamination of apples, however, is not yet adequately controlled.
It is now widely known that some natural chemicals contributing to plant aroma have antibacterial and antifungal activities. [18] [19] [20] [21] [22] [23] [24] In particular, cinnamaldehyde, benzaldehyde, and aliphatic aldehydes have been found to have potent effects against microorganisms. Among these, (Z)-3-hexenal, 2,4-hexadienal, and (E)-2-undecenal showed relatively strong antibacterial and antifungal effects. (E)-2-Hexenal was found to be effective for pears contaminated with P. expansum. 25, 26) On the other hand, gaseous (E)-2-heptenal, (E)-2-octenal, and (E)-2-nonenal have been reported to stimulate aflatoxin production by A. flavus inoculated into corn, while suppressing it in cotton seed and peanuts. 27) In this study, to determine the effect of aliphatic aldehydes on fungal growth and patulin production, we applied aliphatic aldehydes with 3-10 carbons, including (E)-2-hexenal, to P. expansum in apple juice. The aliphatic alkenals with three to six carbons, 2-propenal, (E)-2-butenal, (E)-2-pentenal, and (E)-2-hexenal, inhibited both fungal growth and the germination of spores, and the aliphatic aldehydes with eight carbons, octanal and (E)-2-octenal, significantly enhanced patulin production in apple juice. Real time RT-PCR analysis of the biosynthetic genes suggested that patulin biosynthesis were activated by aliphatic aldehydes with eight carbons.
Materials and Methods
Chemicals. Patulin standard was purchased from Wako Pure Chemical (Osaka, Japan). The 16 aliphatic aldehydes and Tween 80 were of reagent grade. Ethanol, methanol, and sodium chloride were of analytical grade, and acetonitrile was of high-performance liquid chromatography (HPLC) grade.
Culture broths. Apple juice broths were prepared by sterilization of commercially available apple juice (Meiji, Tokyo) at 121 C for 10 min. Potato dextrose agar (PDA) and potato dextrose broth (PDB) were purchased from Eiken Chemical (Tochigi, Japan) and BD Difco (Franklin Lakes, NJ) respectively.
Fungal strain and spore preservation. Penicillium expansum ATCC28876 was purchased from the American Type Culture Collection. A physiological saline suspension of mycelia prepared from the culture of P. expansum in PDB was inoculated onto a PDA plate, followed by incubation for 7 d or more at 25 C. The spores generated were suspended in 0.05% Tween 80 physiological saline solution and collected in a tube after filtration through a sterile cotton mesh. P. expansum spores were preserved to maintain the potential for patulin production by the method reported by Santos et al.
28)
Preparation of fresh spore suspension. A portion of preserved spores was spread on a PDA plate and cultured for 7 d or more at 25 C. The spores were harvested from the plate and suspended in 0.05% Tween 80 physiological saline solution. After filtration through a cotton mesh, the spores in the suspension were counted under a microscope.
Culture conditions. P. expansum spores were inoculated into apple juice broths (10 mL) containing aliphatic alkenals in 50-mL cell culture flasks (Becton Dickinson, Franklin Lakes, NJ) to a concentration of 1 Â 10 4 spores/mL and cultured statically at 25 C. The aliphatic aldehydes, prepared as ethanol solutions, were added to the flasks immediately before fungal inoculation. The maximum concentration of ethanol in the broth was fixed at 0.1%, and 0.1% ethanol was added as the control.
Measurement of fungal growth. P. expansum cultures in the apple juice broths were filtered through no. 2 filter paper (Advantec, Tokyo) after incubation, and the residue on the paper was collected and put into a tube. The collected mycelia were frozen at À80 C and lyophilized with an FD-81 Freeze Dryer (Tokyo Rikakikai, Tokyo). The lyophilized mycelia were weighed, and fungal growth was expressed as dry weight.
Determination of the patulin concentration in the apple juice broths. P. expansum cultures in apple juice broths were filtered through no. 2 filter paper. Each filtrate was mixed with an equal volume of methanol, filtered through a 0.2-mm Ultrafree-MC Centrifugal Filter (Millipore, Billerica, MA), and subjected to HPLC analysis with an HP-1100 high-performance liquid chromatograph equipped with a TSK gel ODS-100V separation column (150 Â 2 mm i.d., 3 mm; Tosoh, Tokyo). The HPLC system was connected to a UV detector and a Mass Selective Detector with an electron spray ionization interface (Agilent, Waldbronn, Germany). Mobile phase A was water, and mobile phase B was acetonitrile. Separation was done at a flow rate of 0. C and the injection volume was 2.0 mL. The UV absorbance at 290 nm and mass spectrometry at m=z 153.0 (negative, single-ion monitoring mode) were used in quantitative and qualitative analyses respectively. The capillary voltage, fragmentor voltage, and temperature for mass spectrometry were À6;000 V, 60 V, and 340 C respectively. For the calibration standards, patulin standard solutions (0, 1, 4, 7, 10, 40, 70, and 100 mg/mL) were prepared using 5% acetonitrile. The measured patulin concentration was expressed as the concentration in the apple juice broth.
Fluorescence-staining of fungal mycelia. P. expansum spores were inoculated into apple juice broths and pre-cultured statically at 25 C for 24 h. After confirmation of the germination of spores, 50 mL of 1,000 mg/mL 2-propenal or 80 mL of 10,000 mg/mL (E)-2-pentenal solution in ethanol was added to 10 mL of the fungal culture, which was statically incubated at 25 C. After 2 h and 4 h, fungal mycelia were collected with PTFE membrane filters (Millipore, Tokyo; pore size 5.0 mm), washed twice, and re-suspended in physiological saline solution. Twenty mL of -Bacstain-CFDA solution (Dojindo Laboratories, Kumamoto, Japan) was added to 1 mL of fungal mycelia suspension, and this was mixed gently with a vortex mixer and incubated at 37 C for 15 min. Then 1 mL of -Bacstain-PI solution (Dojindo) was added to 1 mL of fungal mycelia suspension, and this was mixed gently with a vortex mixer and incubated under darkness at atmospheric temperature for 10 min. Stained fungal mycelia were observed by optical microscopy (BX50; Olympus, Tokyo) and fluorescence microscopy (BX-FLA; Olympus; 6-CFDA: Ex = 493 nm/Em = 515 nm; PI: Ex = 530 nm/Em = 620).
Counting of viable spores with growth potential. P. expansum spores were inoculated to a final concentration of 1 Â 10 4 spores/mL into apple juice broths containing 5 mg/mL of 2-propenal or 80 mg/mL of (E)-2-pentenal and cultured statically at 25 C. The spores were collected with mixed cellulose ester membrane filters (Millipore; pore size 0.45 mm) from 0.5-, 1-, and 2-d-old cultures, washed 3 times with 0.05% Tween 80 physiological saline solution, and re-suspended in physiological saline solution respectively. Each suspension was adjusted to 1 Â 10 5 spores/mL, 100 mL of the suspension was spread onto PDA plates, and the plates were incubated at 25 C for 7 d. The numbers of colonies that formed on the PDA plates were counted and were considered viable spores with growth potential.
Relative expression of genes likely to be involved in patulin biosynthesis. The relative expression of the genes related to patulin biosynthesis in P. expansum was evaluated by real-time PCR, as reported by Sanzani et al.
29) The 6-methylsalicylic acid synthase gene (msas), the isoepoxydone dehydrogenase gene (IDH), and the ATPbinding cassette transporter gene (peab1) were selected as target genes for evaluation of expression, and the -tubulin (-Tub) gene was selected as a housekeeping gene. Total RNA was extracted from 100 mg of fungal mycelia with ZR Fungal/Bacterial RNA MiniPrep (Zymo Research, Orange, CA) and treated with RNase-free DNase I (Zymo Research). cDNAs were synthesized using a PrimeScript RT Reagent Kit (Takara Bio, Shiga, Japan). Reactions of reverse transcription were carried out using gene-specific primers 29) in a thermal cycler, GeneAmp PCR System 9700 (Invitrogen Life Technologies, Carlsbad, CA).
The set of primers used in cDNA synthesis and SYBR Premix Ex Taq (Takara Bio, Shiga, Japan) were utilized in the real-time PCR reaction, and PCR amplification was carried out using an ABI PRISM 7300 Real-Time PCR System (Invitrogen Life Technologies), and the cycle thresholds of each gene were generated automatically by the software associated with the equipment.
Relative expression of the three target genes was evaluated by the ÁCt method and the ÁÁCt method. 30) Relative expression was calculated by the following formula: 2 ðÀÁÁCtÞ , where ÁCt = (average Ct of a housekeeping gene À average Ct of a target gene), and ÁÁCt = (average ÁCt of a fungal culture in the broth containing aliphatic aldehydes À average ÁCt of the control). Data were transformed to log 2 , and levels of change (increase or decrease) were categorized as follows: low >¼ À1:0 to <¼ 1:0; medium >¼ À2:0 to < À1:0, or > 1:0 to <¼ 2:0; high < À2:0, or > 2:0.
31)

Results
Effects of aliphatic aldehydes on P. expansum growth and patulin production Sixteen aliphatic aldehydes ( Fig. 1 ) were added to apple juice broth, and their effects on P. expansum growth and patulin production were investigated. The final concentration of aldehydes in the apple juice broth was fixed at 100 mg/mL, and a spore suspension of P. expansum was inoculated into the broth to a final concentration of 1 Â 10 4 spores/mL. After incubation at 25 C for 7 d, the dry weight of mycelia was measured as an indicator of fungal growth, and the patulin amount in the culture broth was determined by LC/MS ( Table 1) .
As shown in Table 1 , 2-propenal (2), (E)-2-butenal (4), (E)-2-pentenal (6), and (E)-2-hexenal (8) completely inhibited the growth of P. expansum. In accordance with this finding, patulin was not detected in the broths. These alkenals have a common structure: six or fewer carbons and an E double bond at the -position, except for 2-propenal, which has no stereoisomers. Next, the effects of various concentrations of these alkenals on P. expansum growth and patulin production were examined. The alkenals inhibited both fungal growth and patulin production in a dose-dependent manner (data not shown). 2-Propenal was the most potent inhibitor. It and completely inhibited fungal growth and patulin production even at 5 mg/mL. (E)-2-Butenal, (E)-2-pentenal, and (E)-2-hexenal also completely inhibited both fungal growth and patulin production, at 50, 80, and 80 mg/mL respectively.
In contrast, the alkanals and alkenals consisting of 8-10 carbons, including octanal (11), (E)-2-octenal (12), nonanal (13) , (E)-2-nonenal (14) , decanal (15) , and (E)-2-decenal (16), significantly enhanced patulin accumulation (significance level, 5%). In particular, the patulin concentrations in the culture broth containing octanal and (E)-2-octenal were 7.9 and 7.8 times higher respectively than that of the control. The eight alkanals consisting of 3-10 carbons and the four alkenals consisting of seven carbons or more did not affect fungal growth at 100 mg/mL.
Effects of alkenals with three and five carbons on the viability of P. expansum mycelia and spores (E)-2-Pentenal (6) was spiked into a pre-culture of P. expansum in apple juice broth (final concentration, 80 mg/mL), and the effect on fungal mycelia was investigated by vital staining. Before the spiking of (E)-2-pentenal, almost all the fungal mycelia were stained green with 6-CFDA, while only small parts of mycelia were stained red with PI, indicating that most of the mycelia were alive ( Fig. 2A-2, 3) . After 2 h of incubation with (E)-2-pentenal, green mycelia decreased and red mycelia increased in number (Fig. 2B-2, 3) . a The concentration of aliphatic aldehydes was fixed at 100 mg/mL in the apple juice broth. b Dry weights of mycelia are shown as means AE standard deviations of five independent experiments, and the detection limit was 1 mg. c Minimal inhibitory concentrations were measured only for the compounds that inhibited fungal growth at 100 mg/mL. d Patulin concentrations of the culture broth are shown as means AE standard deviations of five independent experiments, and the detection limit was 2 mg/mL. e -, not tested f N.D., not detected After 4 h of incubation, all the mycelia were stained red, indicating that all had died out ( Fig. 2C-3 ). Treatment with 2-propenal (2) at a final concentration of 5 mg/mL gave a similar result. The effects of aliphatic alkenals with 3-6 carbons on the spores were also examined. Spores were incubated in apple juice broth containing 5 mg/mL of 2-propenal or 80 mg/mL of (E)-2-pentenal for appropriate durations, spread on PDA plates, and then incubated further. The numbers of colonies that formed on the PDA plates was considered on indicator of spore viability. As shown in Table 2 , incubation with 2-propenal for 0.5 d suppressed colony formation by 98.6%, and no colonies were formed by spores incubated with 2-propenal for 1 d. Incubation with (E)-2-pentenal for 1 d decreased colony formation by 92.0%, and 2 d of incubation completely suppressed colony formation.
In addition, we measured the sizes of the spores incubated in apple juice broth containing these alkenals. In the apple juice broth without alkenals, the mean diameter of the P. expansum spores increased from 3.4 mm to 6.9 mm during 12 h of incubation, and the spores germinated on day 1 at a germination rate of 55 AE 4:6%. In contrast, the sizes of the spores did not increase during incubation with 2-propenal at 5 mg/mL or with (E)-2-pentenal at 80 mg/mL. Vital staining was attempted for the spores treated with 2-propenal and (E)-2-pentenal. The spores without treatment with alkenals were stained by 6-CFDA but not by PI, while those treated with alkenals were not stained by either dye. This might have been because PI did not penetrate the spores regardless of viability.
Effects of aliphatic aldehydes with 8 carbons on P. expansum growth and patulin production Spores of P. expansum were inoculated into apple juice broth containing octanal (11) and (E)-2-octenal (12) at concentrations from 10 to 1,000 mg/mL. After incubation at 25 C for 7 d, the dry weight of mycelia and the patulin concentration were determined. As shown in Fig. 3A , fungal growth was not affected at 10-300 mg/mL of octanal, but was partially inhibited at 1,000 mg/mL. At 10 and 30 mg/mL of (E)-2-octenal, fungal growth was not affected, but at 100 mg/mL the mycelia dry weights decreased, and at 300 mg/mL fungal growth was completely inhibited.
On the other hand, as shown in Fig. 3B , the patulin concentration in the culture broth was significantly increased by treatment with 10 to 300 mg/mL of octanal and 10 to 100 mg/mL of (E)-2-octenal (significance level, 5%). The patulin concentrations in the broth containing 300 mg/mL of octanal and 100 mg/mL of The numbers of viable spores in the apple juice broth were determined as the concentration of colonies that formed on a PDA plate in colony-forming units (cfu), and is shown as the mean AE standard deviation of three independent experiments. b Spores were treated with 2-propenal at 5 mg/mL and with (E)-2-pentenal at 80 mg/mL, spread on PDA plates, and incubated at 25 C. c n.d.: not determined. The colony forming units on day 2 in apple juice broth without alkenals were not measurable due to spore germination. d The detection limit for numbers of viable spores was <10 cfu/mL.
(E)-2-octenal were 8.6 and 7.8 times respectively as high as in the culture broth without these aldehydes.
We also monitored the changes in the dry weight of mycelia and the patulin concentration during cultivation at 25 C in apple juice broth containing 300 mg/mL of octanal (Fig. 4) . The dry weight of mycelia in the broth containing octanal was not significantly different from that in the broth without octanal throughout the experimental period (Fig. 4A) . Figure 4B shows the patulin concentrations in the broths incubated with and without 300 mg/mL of octanal. At 3.5 d, the patulin concentrations in the two broths were almost the same. However, both at 5 d and at 7 d, the patulin concentrations in the broth with octanal were significantly higher than those without octanal (significance level, 5%). Furthermore, from 3.5 d to 5 d, there was a 6.3-fold increase in the patulin concentration in the broth with octanal, while only a 1.7-fold increase was observed in that without octanal. From 5 d to 7 d, no significant change in the patulin concentration was observed in either broth. This indicates that stimulation of patulin biosynthesis by octanal occurred to a remarkable extent from 3.5 d to 5 d.
Relative expression of the genes involved in patulin production and accumulation in the fungal culture with octanal
Three genes, msas, IDH, and peab1, might be involved in patulin production and accumulation: msas encodes 6-methylsalicylic acid (6-MSA) synthase, which catalyzes the formation of 6-MSA from acetylCoA and malonyl-CoA as the first step in the patulin biosynthetic pathway; IDH encodes isoepoxydone dehydrogenase, which transforms isoepoxydone to phyllostine; and peab1 encodes the ATP-binding cassette (ABC) putative transporter for patulin efflux. These three genes have been reported to be upregulated during patulin biosynthesis.
31) The cycle times (Cts) of the three genes were measured by the RT-qPCR method, and the ÁCt value for each gene was estimated using the Ct value of -Tub as housekeeping gene. Next, the ÁÁCt value for each gene was calculated by subtracting the ÁCt value of the fungal culture in the broth containing octanal from that for the control. Relative expression of the genes was expressed as log 2 (ÀÁÁCt) values (Fig. 5) .
As shown in Fig. 5 , the log 2 (ÀÁÁCt) values for the msas in the 3.5-and the 5-d-old cultures were 2.2 and 2.3 respectively. This indicates that the addition of octanal significantly enhanced the transcription of the msas (significance level, 5%), although no significant transcription activation of the other two genes was detected. In the 5-d-old culture, the log 2 (ÀÁÁCt) value for the msas was 2.3, but the amounts of the other two genes transcripts did not increase, indicating that the addition of octanal activated transcription of the msas gene both in the 3.5-and the 5-d-old culture, while transcription of the other two genes was not affected by The mycelia dry weights and the patulin concentration in the culture media were determined after incubation of P. expansum in apple juice broth containing from 10 to 1,000 mg/mL of octanal ( ) or (E)-2-octenal ( ) at 25 C for 7 d. Symbols and error bars represent means and standard deviations respectively of five independent experiments. octanal. In the 7-d-old culture, the log 2 (ÀÁÁCt) values for the IDH, the msas, and the peab1 were À0:5, 0.6, and À0:4 respectively, indicating that in the 7-d-old culture, octanal no longer affected the transcription of these three genes.
Discussion
Our study indicates that the effects of aliphatic aldehydes on P. expansum growth and patulin production depends on carbon chain length and the presence of a double bond. Aliphatic aldehydes consisting 6 carbons or less and having a double bond at the -position were cytotoxic, while those consisting 8 carbons or more stimulated patulin production.
The effects of the 16 aliphatic aldehydes with 3-10 carbons on the growth and patulin production of Penicillium expansum were examined using apple juice broth and P. expansum spores. 2-Propenal (2), (E)-2-butenal (4), (E)-2-pentenal (6), and (E)-2-hexenal (8) showed inhibitory effects against P. expansum growth. The MICs were 5, 50, 80, and 80 mg/mL respectively. Vital staining of the mycelia clearly indicated that these alkenals caused a loss of viability in the mycelia. Treatment by these alkenals also caused a loss of germination potential in the fungal spores.
In a study of the antifungal activity of a series of aliphatic aldehydes with 5-14 carbons against Saccharomyces cerevisiae, alkanal and alkenal with 11 carbons showed the strongest antifungal activity. 24) Since these aliphatic aldehydes were composed of hydrophobic and hydrophilic regions, they were amphiphilic molecules, and able to act as nonionic surfactants. On the basis of the structure-activity relationship, the authors suggested that their ability to act as surfactants is important to the expression of antifungal activity. However, in our experiments, the smallest alkenal, 2-propenal, showed the strongest activity, and the corresponding alkanals were not effective. Thus the mode of action of the antifungal activity of alkenals with 3-6 carbons against P. expansum appears to be different from that proposed for the antifungal activity of aldehydes against S. cerevisiae.
The other proposed mechanism of the toxicity of alkenals is interaction with molecules with nucleophilic groups, including glutathione (GSH), and bio-macromolecules such as proteins 32, 33) and DNA. 34, 35) There is evidence that alkenals form adducts with these molecules. These adducts are likely to be involved in the biotoxicity of the alkenals, because adduct formation can lead to a shortage of bio-macromolecules or a loss of correct function on the part of proteins. 36) Alkenals bind to the sulfhydryl groups of cysteine residues of GHS and proteins by Michael addition, and to the amino groups of lysine residues and N-terminals of proteins by Schiffbase formation. The structure-activity relationship for the antifungal activity of aldehydes against P. expansum was similar to that of the activity for the suppression of intracellular GSH in rat lung cells. In one study, 2-propenal showed the strongest activity for the suppression of GHS, followed by (E)-2-butenal and the larger 2-alkenals, while the alkanals showed much lower activity.
37) The activity of alkenals for the suppression of GSH was correlated with the rate constants (k 1 ) for the forward reaction of GSH and alkenals to adducts. Accordingly, it is likely that the formation of adducts by 2-alkenals with nucleophilic groups of biomolecules is involved in the antifungal activity of P. expansum.
In the present study, we found that treatment of P. expansum with aliphatic aldehydes with 8-10 carbons induced a significant increase in the amount of patulin accumulating in apple juice broth without affecting fungal growth. Octanal was the most effective in enhancing patulin accumulation when aldehydes were applied at 100 mg/mL, effecting a 7.9-fold increase in patulin. Zeringue investigated the effect of the application of gaseous (E)-2-heptenal, (E)-2-octenal, and (E)-2-nonenal on the production of aflatoxin B 1 by Aspergillus flavus inoculated into corn, cottonseed, and peanuts. 27) Overall, the results showed that increased concentrations of applied alkenals decreased the amounts of aflatoxin B 1 produced. However, the author reported a significant stimulation of aflatoxin production in the A. flavusinfected corn culture by the lowest amounts of (E)-2-heptenal, (E)-2-octenal, and (E)-2-nonenal applied. Aflatoxin production was stimulated only when A. flavus was inoculated into the corn, and the rate of increase was at most 1.5-fold. It would be interesting to explore whether a common mechanism underlies the phenomena observed in this study and the present one, since such an investigation might provide insight into the regulation of mycotoxin production.
Our study also indicates that the addition of octanal enhanced transcription of the msas gene. An increased amount of 6-MSA synthase in the fungus should lead to enhanced production of 6-MSA, and this might be one of the mechanisms underlying the stimulation of patulin production and accumulation by octanal. Transcription of the IDH and the peab1 gene was, however, largely unaffected during culturing, suggesting that the steps, that the products of these two genes worked at, were not the rate-determining steps of patulin accumulation. 6-MSA synthase belongs to the polyketide synthase family, whose members play a role in the biosynthesis of other mycotoxins, e.g., aflatoxins, fumonisins, and ochratoxin. Formation of 6-MSA is the first intermediate Relative expression of the IDH, the msas, and the peab1 genes in P. expansum grown for 3.5, 5, and 7 d at 25 C in apple juice broth containing 300 mg/mL of octanal to control are shown. Data were analyzed by the 2 ÀÁÁCt method, and were normalized using the -Tub gene as housekeeping gene. Data and error bars represent means and standard deviations respectively of three independent experiments.
in the patulin biosynthetic pathway. It has been reported that an absence of the msas and the IDH genes in the patulin-producing fungus Byssochlamys fulva resulted in an inability to produce patulin. 38) In addition, P. expansum mutants that show reduced transcription of msas produced reduced amounts of patulin. 39) Our results strongly suggest that the step catalyzed by the 6-MSA synthase might be one of the rate-determining steps in patulin biosynthesis, and might prove an effective target in an effort to control patulin production.
Transcription of the msas was enhanced by octanal in the 3.5-d-old culture, and there was a significant increase in the patulin concentration from 3.5 d to 5 d. The amounts of msas transcript in the 5-d-old culture were similar to that in the 3.5-d-old culture, but the patulin concentration did not change from 5 d to 7 d. This difference suggests that the degradation of patulin and/or depletion of the substrate of 6-MSA synthase starts at about 5 d.
This study indicates that some aldehydes have the ability to stimulate patulin biosynthesis in P. expansum. Elucidation of mechanism underlying the stimulation of patulin biosynthesis by aldehydes might give rise to a new approach to the prevention of patulin contamination in apples and other fruits by controlling patulin production in P. expansum.
